Abstract-We present an overview of the recent developments of a cryogenic 2-14 GHz feed system for the Very Long Baseline Interferometry 2010 (VLBL2010) project. The developments include a new balun feeding network, a new circular Eleven feed, system noise temperature modeling and testing, integration with different low noise amplifiers (LNAs), and cryostat design and integration.
I. INTRODUCTION
High-precision geodesy is central to a broad variety of human activities, including private, commercial and governmental interests, as well as being of broad scientific interest. Very Long Baseline Interferometry (VLBI) is one of the three major modern geodesy space-based observing systems. With the importance of high accuracy geodesy to science and society, the new generation of VLBI system, VLBI2010 [1] , is aiming to the following goals: 1) 1 mm measurement accuracy on global baselines; 2) continuous measurements for time series of station positions and Earth orientation parameters; 3) turnaround time to initial geodetic results of less than 24 hours; 4) a broad, continuous frequency range (2-14 GHz) observation.
Wideband feed system for reflector antennas is one of the major challenges in the project. The feed must be compact in size so that it can be located inside a cryostat in order to be cryogenically cooled for a minimum system noise temperature. The phase center location of the feed must be constant over the frequency band in order to achieve the 1-mm measurement accuracy. In addition, constant beam width, high aperture efficiency, low cross-polar level, and low input reflection coefficient, over the whole wideband, are also very important for the system. Among all modern wideband feed technologies, the Eleven feed is a unique one which can fulfill all requirements of the VLBI project [2] - [8] . It has a nearly constant beamwidth with 11 dBi directivity, a fixed phase center location, and a simple low-profile geometry.
This paper summarizes the recent developments of the Eleven feed technology for VLBI2010: a new ultra-wideband (UWB) balun feeding network, a new circular Eleven feed, modeling of system noise temperature, integration of different types of LNAs (differential or single-ended), and integration of the feed system in a cryostat.
The Eleven antenna system with LNAs in cryostat for VLBI2010 is provided commercially by Omnisys Instruments AB. Fig. 1 shows the photo of the existing 2-13 GHz Eleven feed presented in [4] . The recent further developments of the feed are as follows.
II. FEED DEVELOPMENT

A. New Balun Feeding Network
Passive balun feeding solution to the Eleven feed consists of four passive UWB baluns and two UWB power dividers [9] , [10] . This feeding solution transforms the four differential ports of the feed to two single ended ports, one for each polarization. Therefore, four differential low noise amplifiers (LNAs) can be replaced by either four single ended LNAs before the power dividers or two single ended LNAs after the power dividers. This leads to a much simpler and lower cost system.
Two versions of UWB balun have been developed: the previous linear taper transformer [9] and the new Klopfenstein taper one. Figs. 2-4 show the prototypes of the two balun feeding networks and the measured performance. It is illustrated that the new balun solution has an improved performance. More results will be presented in the conference. 
B. New Circular Eleven Feed
A new circular Eleven feed has been developed, shown in Fig. 5 , with a significantly improved BOR 1 efficiency (therefore aperture efficiency) [11] - [13] . This Eleven feed is constructed of "circularly" curved folded dipoles on a flat printed circuit board (PCB), with the aim to make this antenna structure more rotationally symmetrical at a very low manufacture cost. The simulated results in Fig. 6 predict that the circular Eleven feed has achieved a BOR 1 efficiency of better than -1 dB over a decade bandwidth of 1-14 GHz. This [12] , [13] .
is a big progress for decade-bandwidth feed technology.
III. SYSTEM ANALYSIS AND TEST
The system analysis includes: 1) development of noise model to characterize the expected system noise temperature [14] ; 2) analysis of the effect of the infrared filters and vacuum window when the feed is located in the cryostat.
For evaluating the system noise, the 2-13 GHz Eleven feed prototype was integrated in a 20 K cryostat. The feed prototype has eight ports with 50 ohm port impedance, four for each polarization. Since only four LNAs were available for the tests, the ports for one of polarizations were terminated with 50 ohm loads.
The LNAs are CITCRY01-12 wideband cryogenic amplifiers with 50 ohm impedance ports, purchased from Caltech. The feed system including the cryostat was placed outdoors, with the feed window pointing upwards (Fig. 7) . The system noise was measured by the Y-factor method using hot and cold loads. An absorber at ambient temperature is used as the hot load and the sky as the cold load. A metal pyramid is used as a shielding (Fig. 7) for the cryostat, in order to reduce the noise pick-up from the ground and the surroundings, emulating when the feed is located in a reflector. Fig. 8 shows the spectra when observing the hot and the cold loads. A strong RFI is observed present in the cold spectra Fig. 8 . Hot and cold spectra. The RFI in the cold spectra over the 2-3 GHz band is very well seen. from 2 to 3 GHz. Since the system is shielded by the absorber for the hot-load measurement, the RFI is present in the hot spectra and therefore cannot be calibrated out by the simple Y-factor method. A new measurement setup and algorithm for improving the data analysis in the 2-3 GHz band is under development. Fig. 9 shows the measured system noise temperature when the physical temperatures of the feed and the LNAs are 30 K and 19 K, respectively. The mean noise temperature over the 2-14 GHz band is 26 K. The noise temperature over the 3-5 GHz band is below 20 K. Fig. 10 shows the measured system noise temperature with and without the shielding pyramid. It is obvious that the shielding reduces the noise temperature by 5 to 8 K.
The radome for the cryostat window is made of two dielectric interfaces: thin Mylar film. and thin Teflon stacket of Multiple Layers Insolation (MLI). The effect of the different dielectrics on the system noise temperature has been investigated. The tests were done by inserting the different material sheets in front of the cryostat window and measuring the Yfactor. Fig. 11 shows a comparison between the reference case (no extra sheet of material in front of the window) and other cases with different material sheets. The conclusion is that an increase of the thickness of the Mylar from 0.35 mm to 0.85 mm leads to little increase in the noise temperature [15] . Note that thicker radome has less bending from the atmospheric preassure, which allows the feed to be located closer to the vacuum window and therefore a smaller window can be used. Lexan is another suitable material for fabrication of vacuum window, with a similar noise performance to Mylar, shown in Fig. 11 .
We conclude from the tests that the increase of the number of Multi-Layer Insulation (MLI) layers has little contribution to the increase of the system noise temperature. Therefore, we can increase the number of MLI layers to reduce the infrared radiation and, correspondingly, the physical temperature of the feed. Fig. 12 shows how the system noise temperature changes with the physical temperature of the feed and the LNAs. The test was done by turning off the cryo-cooler and doing the measurements while the feed system was warmed up. The uncertainty in this test is that the physical temperature is not constant during the measurements. Since the temperature gradient is relatively small over the time, the effect of this uncertainty on the system noise temperature is considered as The stability of the system was analyzed via Allan variance test, shown in Fig. 13 . It can be seen that the stability over 10 minutes is very good.
The measured noise temperature was compared with the predicted one by using our noise model [14] , shown in Fig. 14. It can be seen that the model predicts the noise temperature quite close to the measured one.
IV. SYSTEM INTEGRATION
The system integration includes: 1) design, fabrication and tests of cryostat to accommodate the Feed and the LNAs; 2) temperature stabilization design; and 3) feeding network to realize circular polarization.
A critical parameter in the design of the cryostat is the correct selection of the vacuum window's diameter. Study of the effect of the cryostat window size on the feed beam pattern was performed on the 2-13 GHz feed (Fig. 15 ) was simulated by using CST and then measured. Fig. 16 shows the simulated results for the final design, where the designed window geometry does not affect feed aperture efficiency. Radiation pattern were measured and they were in good agreement with the simulation result. Fig. 17 shows the measurement setups for the 2-13 GHz Eleven feed without and with MLI infrared filter, to experimentally verify how the infrared filter affects the efficiency. Fig. 18 shows that the dielectric layers of the IR filter have little effect on the efficiency.
V. CONCLUSION
We present a lot of measurement and simulation data to illustrate the recent developments of the Eleven feed, particularly for VLBI2010 project. All developments are focused on the increase of the feed efficiency, simplification of the configuration and minimization of the system noise temperature. The Eleven feed can cover 1.3-14 GHz with the aperture efficiency higher than -2.5 dB. The size of the Eleven feed is very compact, which makes the feed well suitable located inside a compact cryostat. The phase center of the feed is constant over the whole band, which is extremely important for VLBI2010. More verification tests and system integration are undergoing, and will be reported in the conference.
